Since gas flows in micro/nano devices are dominated by the interaction of gas molecules and solid surfaces, surface modification technique is one of the critical issues for optimizing the thermal performance of these devices. In this paper, we demonstrate the successful application of vertically aligned single-walled carbon nanotubes (VA-SWNTs) as surface modification material to enhance the energy accommodation of gas molecules on surfaces. The scattering of gas molecules on quartz surfaces covered with VA-SWNTs is investigated by the molecular beam technique. The energy accommodation coefficients of helium, which tend to be small even for rough surfaces because of the large mass mismatch between helium and surface atoms, are close to unity on the modified surfaces. The measurement with the free-standing films further reveals that the high accommodation is attributed to the unique morphology of the films with high porosity, which allows gas molecules to penetrate into the films and realizes a large number of collisions with SWNTs. The result suggests that the surface modification with VA-SWNTs can be utilized for the thermal management in electric devices and micro/nano-electro-mechanical systems.
INTRODUCTION
While there has been remarkable progress in performance and integration of nano/micro devices over the last decade, the thermal management of the high power density has become one of the most critical issues for practical applications. The recent development of nanotechnology offers tremendous possibilities to synthesize new nanomaterials with thermal transport properties exceeding the conventional materials. For instance, single-walled carbon nanotubes (SWNTs) exhibit anomalously high thermal conductivity along the tube axis comparable or even superior to those of diamond and graphite 1, 2 due to the large mean free path of phonons. 3 In addition, the recent advance in chemical vapor deposition (CVD) technique enables us to fabricate vertically aligned SWNTs (VA-SWNTs), [4] [5] [6] [7] which opens up possibilities for directional thermal devices with the anisotropic thermal transport property. [8] [9] [10] [11] While aligned SWNTs have been employed as heat conducting fillers in composite materials, their mechanical strength of making them selfstanding extends the scope of the thermal application of SWNTs to gas phase, where SWNTs are, for example, used as building material for cooling fins of microelectronic devices. [12] [13] [14] Combined with the thermal stability and the extremely high emissivity, 15 such thermal cooling device is expected to cover a wide range of temperature and pressure. Several trials of heat dissipation enhancement with this approach are reviewed in Ref. 16 .
The effect of surface structure on the scattering dynamics of gas molecules has been intensively investigated for self-assembled monolayers (SAMs). [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Molecular beam scattering experiments and molecular dynamics (MD) simulations revealed the dominant factors determining the energy exchange efficiency for a variety of gas/SAM surface systems such as the mass of a gas molecule and the terminal group of SAM molecules, [19] [20] [21] [22] attractive forces between gas molecules and the SAM terminal groups, 21, [23] [24] [25] surface stiffness due to intramonolayer hydrogen bonding, 21, 23, 26 the chain length of SAM molecules, 26 the deformation of SAM chains, 19, 20, 27, 28 and the penetration of gas molecules into SAM layer. 28 The versatility of functional groups and tail length makes SAMs attractive for surface coatings to control gassurface interactions. Having better thermal stability than SAMs, VA-SWNT films would be another promising option of surface coating material especially for devices operating over a wide range of temperature.
As in the case of SWNT composite materials, 29 the thermal performance of VA-SWNTs in gaseous environment is determined by the energy accommodation process of gas molecules on SWNT surface rather than by the intrinsic high thermal conductivity of SWNTs since the interbundle distance is comparable to the mean free path of gas molecules. MD simulations of gas molecules scattering on an SWNT showed that most of the energy transfer between SWNT and gas molecules takes place in the tube radial direction and that the translational energy distribution of scattered molecules is far from equilibrium at the surface temperature. 30, 31 The nonequilibrium MD simulation of an SWNT surrounded by N2 and O2 molecules estimated that the interfacial thermal resistance between SWNT and air is equivalent to the thermal resistance of 250 nm thick layer of air. 13 The thermal conductivity measurement of SWNT aerogels also indicates low energy accommodation of gas molecules with SWNTs. 32 While these studies suggest that SWNT-gas energy accommodation may become a bottleneck for the overall energy transfer, it is not known to this date how well or poor the overall energy transfer would be when an assembly of SWNTs is used as surface modification.
To elucidate the efficiency and mechanism of the energy transfer between a VA-SWNT film and gaseous environment from molecular view point, this paper presents the first experimental study on the scattering process of gas molecules on a surface covered with VA-SWNT arrays by using the molecular beam technique. 33 Series of experiments were performed with helium molecules, where the large mass-mismatching between the target and gas atoms usually results in poor accommodation 34 even for atomically rough surfaces with gas adsorbates and nanoparticles.
Despite this worst case scenario, anomalously effective energy transfer was identified between helium molecules and the VA-SWNTs. The result suggests that the surface modification with VA-SWNTs can be utilized for the thermal management in electric devices and micro-electromechanical systems.
EXPERIMENTAL SECTION
VA-SWNT films were grown on quartz substrates by the alcohol catalytic CVD process. 4 The catalyst was supported on the substrate using the dip-coating method with a Co-Mo acetate solution (metal content 0.01 wt% each, dissolved in ethanol). The catalyst was oxidized by heating the dip-coated substrate in air at 400 °C, and then reduced in a flowing Ar/H2 mixture (3% H2, 300 sccm flow rate, 40 kPa) during heating of the growth chamber. When the temperature in the growth chamber reached 800 °C, the Ar/H2 flow was stopped and SWNTs were synthesized by supplying ethanol vapor at 1.3 kPa (10 Torr) until the VA-SWNT array had reached the target thickness. Optical absorption and Raman spectra showed that SWNTs in the films have an average diameter of about 2 nm. SWNTs in the films form bundles of typically less than ten SWNTs. 35 Typical images of the films taken by scanning electron microscopy (SEM) are shown in Figure 1 . The thinnest sample (0.1 m) consists of SWNT bundles oriented randomly and does not have well-aligned structure. On the other hand, SWNT bundles align vertically in most part of the thicker samples except for the topmost layer, whose structure is similar to that of the thinnest sample. The porosity of the film was measured based on the film weights to be about 97%. 36 We also prepared pre-growth quartz substrates, on which Co-Mo catalyst nanoparticles with diameters of 1 -2 nm are well dispersed without agglomeration. 37 The scattering experiments were conducted in an ultrahigh vacuum chamber equipped with a supersonic molecular beam source. The schematic illustration of our experimental setup is found in Ref. 
where R(t) is the incident beam flux on the sample, and P(t) the TOF distribution of scattered molecules from the sample to the QMS. It is noted that R(t) is a convolution of the beam modulation and the TOF distribution of the incident molecules and hence is a known distribution.
For a pulse-modulated beam, the beam modulation function is well approximated by the delta function and hence R(t) reduces to be
where m is the mass of a gas molecule, Tin and uin the translational temperature and macroscopic 
Each scattering component is expressed as 
where Lsd is the distance between the surface and the QMS (186 mm), Tr and ur the translational temperature and drift velocity of the direct inelastic scattering component, Ts the surface temperature, tion the ion flight time in the QMS, c1 and c2 the normalization constants. Since the QMS is a density-sensitive detector, the function form of Eqs. (4) and (5) is different from the distribution in terms of flux (Eq. (2)) by a factor of t. 33 The ion flight time tion was estimated from the TOF measurement with the modulation to the ion optics in the QMS. In our apparatus, the ion flight time for helium was tion = 14 -15 s. By least-squares fitting of Eqs. (1) - (5) to the experimental waveforms, we determined the parameters , Tr, ur and thus recovered the TOF distributions of scattered molecules P(t). The velocity distribution of scattered molecules is obtained using the relationship between the TOF distribution in terms of density P(t) and the velocity distribution function F(v):
Finally, the mean translational energy of scattered molecules is given by
3. RESULTS AND DISCUSSION
Scattering of Helium on As-Grown VA-SWNT Films
We investigated the scattering of helium on as-grown VA-SWNT films. The pulsemodulated beam with a mean translational energy of 60 meV was directed to these films. The experiments were performed for several incident angles measured from the normal vector of the surface. In the following, the results for the incident angles i = 40° and 70° are shown as the representative cases of small and large incident angles. The scattering distribution of helium beam with a small incident angle i follows the cosine distribution, which corresponds to completely diffusive scattering, both for the quartz substrate and VA-SWNT films with different thicknesses (Figure 2 ). Helium molecules scattered on the quartz substrate, however, are poorly accommodated in spite of the diffusive distribution. Their mean translational energy is much higher than that of fully accommodated molecules and rather close to the incident beam energy.
These results suggest that the atomic-scale roughness on the surface makes the scattering direction completely random and thus independent of the incident angle even though gas molecules leave the surface before being thermally equilibrated. In contrast, VA-SWNT films exhibit considerably better accommodation compared to the quartz substrate. In particular, the translational energies of scattered molecules from the 4-m-thick film are almost equal to the value corresponding to the perfect accommodation, demonstrating a successful enhancement of the energy transfer between gas molecules and the surface by modifying it with the VA-SWNT film. This energy transfer is far more efficient than the energy transfer during a single scattering event of helium on SWNT surface obtained by MD simulations. 31 Therefore, the multiple scattering inside the film should be the key factor for the efficient energy accommodation observed for VA-SWNT films. The dependence of the translational energy on the film thickness indicates that at least part of the incident molecules penetrate into the film and interact not only with the outermost part of the film but also with its internal structure.
For a large incident angle, the scattering distribution from the quartz substrate deviates from the cosine distribution and exhibits a lobe around the specular direction ( Figure 3 The energy accommodation coefficients of helium beam with the incident angle of i = 40°
were estimated from the molecular beam experiments ( Table 1 ). The energy accommodation coefficient is defined as
where i E , f E , and s E are the mean translational energies of the incident beam, scattered molecules, and the fully accommodated molecules. Here s E is 2kBTs, where Ts is the surface temperature. Since our measurements were limited to the in-plane scattering, where the postscattering velocities are contained within the plane spanned by the normal vector of the sample surface and the velocity vector of the incident molecules, the following assumptions were adopted to estimate the mean translational energy of molecules scattered over all directions; (1) As is the case for the in-plane scattering, the scattering intensity of the out-of-plane scattering follows the cosine distribution; (2) The translational energy of scattered molecules depends only on the angle between the scattering direction and the normal vector of the surface r and is independent of the off-plane angle. In contrast to the heavier gas molecules, helium molecules are generally known to be hardly equilibrated with the surface temperature during the scattering process even if the surface is covered with gas adsorbates or nanoparticles, which give rise to significant atomic-scale roughness. This trend can be confirmed from the accommodation coefficients for a wide variety of surfaces, 40, 41 which are included in Table 1 . With the Baule formula 34 in mind, we can attribute the low accommodation coefficients to the large mismatch between the mass of a helium molecule and the effective mass of the involved surface atoms.
Under such unfavorable condition, the surface modification with VA-SWNT films increases remarkably the accommodation coefficients compared to those for the bare surface. Since the scattering of helium gives the conservative estimate of the degree of the energy accommodation for heavier gas molecules, the result in our experiment suggests that the surface modification with VA-SWNT films would also effectively enhance the energy accommodation of other gas species used in practical applications (e.g. N2 and O2). Although the accommodation coefficient slightly decreases for the thinner VA-SWNT film, it is still high enough for practical applications.
The efficient energy accommodation even for the 0.1-m-thick VA-SWNT film, which consists only of the randomly oriented layer, suggests that incident molecules on the thicker films have sufficient number of collisions with SWNTs to be accommodated within the topmost layer of the films.
In the temperature jump regime of rarefied gas flow, the thermal conductance at gas-solid interface is given by
where N is the collision rate of gas molecules per unit area. In rarefied gas flow of helium at 10 5 Pa and 300 K, the thermal conductance at the quartz substrate -gas interface is 3.9×10 
Scattering of Helium on Free-Standing VA-SWNT Films
While the above analysis reveals the significant role of the film topmost layer in energy transfer, the dependence of the translational energy on the film thickness indicates that part of the incident molecules penetrate into the film and interact also with its internal structure. In order to reveal the detailed behavior of gas molecules inside the film and clarify the mechanism of the efficient energy accommodation, the molecular beam experiments were also conducted for the free-standing films, 46 which enabled us to evaluate the interaction between VA-SWNT films and gas molecules in detail without the presence of substrates (Figure 4 ). In addition to the scattered molecules toward the same side as the beam incidence, the transmitted molecules through the films were also measured with the QMS positioned at the back side of the film. Since only the small fraction of the incident molecules are transmitted through the film, the molecular beam was modulated according to a maximum length sequence in order to improve the sensitivity. 47 The free-standing samples were prepared following the procedure described in Ref. 46 . The VA-SWNT films were lifted off by submerging the substrates in deionized water at ~60 °C and then re-attached on the stainless steel sample holders with a hole (2 or 4 mm in diameter). After SEM observation, selected samples with negligible amount of defects (disorder of alignment, pinholes, etc.) were used for subsequent experiments.
The scattering distribution of the transmitted molecules through the film consists of a sharply peaked component at the beam axis and a diffusive component as schematically illustrated in Figure 4 . These components originate from two distinct transmission processes of gas molecules through the film, i.e. direct and diffusive transmission processes. Because of the difference in gas-surface interaction between these processes, the TOF distribution of the transmitted molecules depends on the deflection angle t (Figure 5a ). The TOF distribution of directlytransmitted molecules, which are distributed along the beam axis (t = 0°), is identical to that of the incident beam, and the distribution is independent of the surface temperature. These clearly illustrate that the molecules do not interact with SWNTs at all and preserve their incident velocities. In contrast, diffusively transmitted molecules, namely molecules transmitted off the beam axis (t > 0°), exhibit broader TOF distributions than the incident beam. While the transmitted molecules near the beam axis are poorly accommodated, the accommodation becomes much better as the deflection angle slightly increases. For large deflection angle, the translational energy of the transmitted molecules approaches that of the fully accommodated molecules. The reflected molecules, on the other hand, exhibit the diffusive scattering distribution independently of the incident angle. The TOF distributions (Figure 5b) show that the degree of the energy accommodation is also independent of the reflection angle r, as is the case for the scattering on the as-grown VA-SWNT films on the quartz substrates with small incident angles.
The measurements with the free-standing films revealed that the scattered molecules consist of three components: reflected, diffusively transmitted, and directly transmitted molecules as shown in Figure 4 . The relative amounts of each component with the incident angle of i = 0°
were estimated assuming that the scattering distribution is axisymmetric around the beam axis ( Table 2 . A more detailed discussion will be presented in a subsequent paper.
CONCLUSIONS
In summary, the scattering of helium molecules on VA-SWNT films was investigated by the molecular beam technique. We found that the modification of surfaces with VA-SWNT films significantly enhances the energy accommodation of gas molecules. The measurements with free-standing VA-SWNT films further revealed that the anomalously high energy transfer is attributed to the unique morphology of the films, where the incident gas molecules have sufficient number of collisions with SWNTs to be well accommodated. Our experiment showed that only a 100 nm thick film of VA-SWNTs significantly improves the energy accommodation of gas molecules. The films of this thickness range are readily applied to flow channels with a characteristic dimension of several m to sub-m, where the overall heat transfer is much influenced by the thermal conductance at gas-solid interface. Since VA-SWNT films can be prepared on surfaces directly by the CVD method or by the re-attachment technique, the surface modification with VA-SWNT films would be a promising tool for the thermal management in nano/micro devices. 
